Abstract. The transport of a conservative tracer (lithium) in a large (3.5 m 3) undisturbed municipal solid waste sample has been investigated under steady and fully transient conditions using a simple model. The model comprises a kinematic wave approximation for water movement, presented in a previous paper, and a strict convective solute flux law. The waste medium is conceptualized as a three-domain system consisting of a mobile domain (channels), an immobile fast domain, and an immobile slow domain. The mobile domain constitutes only a minor fraction of the medium, and the access to the major part of medium is constrained by diffusive transport. Thus the system is in a state of physical nonequilibrium. The fast immobile domain is the part of the matrix which surrounds the channels and forms the boundary between the channels and the matrix. Owing to its exposure to mobile water, which enhances the biodegradation process, this domain is assumed to be more porous and loose in its structure and therefore to respond faster to a change in solute concentration in the mobile domain compared to the regions deep inside the matrix. The diffusive mass exchange between the domains is modeled with two firstorder mass transfer expressions coupled in series. Under transient conditions the system will also be in a state of hydraulic nonequilibrium. Hydraulic gradients build up between the channel domain and the matrix in response to the water input events. The gradients will govern a reversible flow and convective transport between the domains, here represented as a source/sink term in the governing equation. The model has been used to interpret and compare the results from a steady state experiment and an unsteady state experiment. By solely adjusting the size of the fraction of the immobile fast domain that is active in transferring solute, the model is capable of accurately reproducing the measured outflow breakthrough curves for both the steady and unsteady state experiments. During transient conditions the fraction of the immobile fast domain that is active in transferring solute is found to be about 65% larger than that under steady state conditions. It is therefore concluded that the water input pattern governs the size of the fraction of the immobile fast domain which, in turn, governs the solute residence time in the solid waste. It can be concluded that the contaminant transport process in landfills is likely to be in a state of both physical, hydraulic, and chemical nonequilibrium. The transport process for a conservative solute is here shown to be dominated by convective transport in the channels and a fast diffusive mass exchange with the surrounding matrix. This may imply that the observed leachate quality from landfills mainly reflects the biochemical conditions in these regions. The water input pattern is of great importance for the transport process since it governs the size of the fraction of the immobile fast domain which is active in transferring solute. This may be the reason for leachate quality to be seasonally or water flux dependent, which has been observed in several investigations. The result also has a significant practical implication for efforts to enhance the biodegradation process in landfills by recycling of the leachate.
The transport of contaminants in heterogeneous media, such as waste in landfills, is characteristically a nonideal process and is in a state of physical, chemical, and hydraulic nonequilibrium. Chemical nonequilibrium is associated with sorption nonequilibrium and intrasorbent diffusion, whereas physical and hydraulic nonequilibrium is due to a nonuniform flow field which, in turn, is a result of physical heterogeneity of the medium. The system is said to be in physical equilibrium when differences in solute mobility cause concentration gradients between the regions and access to certain parts of the medium may be restricted to diffusive transport.
Systems which are in a state of nonequilibrium are commonly conceptualized as composed of two or several domains based on the physical or chemical heterogeneity. As shown in the reviews by Brusseau and Rao [1990] , Gerke and van Genuchten [1993] , and Sardin et al. [1991] , the multidomain concept has been widely used to describe physical nonequilibrium when modeling flow and transport processes in soil and rocks exhibiting various kinds of heterogeneities, such as macropores, fractures, and fissures. In all of these cases, significant Additional complexity associated with the impact of preferential flow on the transport process is introduced under transient conditions. Important factors that govern the impact are initial and boundary conditions and hydraulic properties of the medium such as particle size and spatial pattern of the preferential flow paths. Also, the influence of physical properties of the medium will not be constant during transient conditions. For example, the fraction of mobile water has been shown to be dependent on the flux [Nkedi-Kizza et al., 1983] and will not remain constant under transient conditions [Brusseau and Rao, 1990] . Under transient conditions, hydraulic gradients develop between regions of fast flow and regions of more or less stagnant water volumes. This results in water flow and convective transport between the regions, driven by the hydraulic gradient, which strives to reestablish hydraulic equilibrium [Reedy et al., 1996; Hutson and Wagenet, 1995] . If the flow becomes steady, the hydraulic gradients will attenuate and equilibrium will be established. In response to an unsteady water input pattern at the boundary the flow system will therefore go through perturbation and equilibrium cycles [Gwo et al., 1996] . The magnitude of these cycles will lessen with depth. Under transient conditions the mass transfer flux consists of a component driven by the concentration difference and one convective component. Gwo et al. [1996] employed a onedimensional three-domain model and studied the coupled effects of convective and diffusive mass transfer under transient conditions in a structured soil. It was found that convective transport could counteract diffusive mass transfer under certain conditions. Further, it was shown that for large mass exchange rates the diffusive mass transfer gave a significantly larger contribution to the mass transport between the domains compared to the convective mass transfer, which was attributed to a fast diminishing of the hydraulic gradients. For smaller exchange rates, diffusive and convective mass transfer were found to be comparable.
The extent of physical nonequilibrium can be estimated by stopping the steady state flow process for a period of time so that hydraulic equilibrium could be established; the diffusive mass transfer between the regions is then the only process which is active. This is the flow interruption technique of Brusseau et al. [1989, 1997] which can help to identify the presence of various rate-limiting processes for a system in nonequilibrium, such as rate-limited sorption, diffusive mass transfer, and transformation reactions. Brusseau et al. [1997] demonstrated the usefulness of the method by performing experiments using a selection of setups and investigating specific process pairs such as physical nonequilibrium versus heterogeneity. Both phenomena cause spreading of the breakthrough curves, but only physical nonequilibrium causes a significant perturbation of the breakthrough curve. For systems influenced by ratelimited sorption or physical nonequilibrium, the concentration drops if the flow is interrupted during the rising part of the BTC and increases if the interruption is made during the declining phase.
We have previously applied a kinematic wave model to model the infiltration and drainage of a sequence of wetting events in a large-scale undisturbed municipal solid waste sample ]. Here the flow model was coupled to a piston flux law for solute transport to produce the space and time history of solute concentration. The MIM conceptualization of the medium as proposed by van Genuchten and On the basis of this we suggested that the landfilled waste medium can be discretized into a matrix domain and a channel domain, which would allow separate assumptions regarding the flow and transport processes to be made in each domain [Bendz et al., 1997] . The channel domain was assumed to consist of a network of flow paths in which the movement of water is dominated by gravity, whereas in the matrix domain the capillary forces are dominant. The matrix domain is composed of the solid phase, a region in which water can be held against gravity by capillary forces, and a drainable water region. The space which is not filled with water is occupied by air or biogas. The water in the capillary region of the matrix domain is, in comparison with the fast channel flow, regarded to be stagnant and will hereafter be referred to as immobile. The water in the channels will be referred to as mobile. The maximum water content of the capillary region is identical to the field capacity. The vertical flow of water in the drainable region of the matrix is assumed to be negligible. Water in this region is assumed to move mainly in the horizontal direction until it intersects the channel domain where gravity dominates and the water rapidly flows downward. This assumption can be justified by an apparent horizontal stratification in combination with impermeable materials of landfill waste. There may be a reversible water exchange, governed by a hydraulic gradient, between the channel domain and the drainable region of the matrix domain that surrounds the channels.
Solute transport in the channels is assumed to be strictly convective and is described by a simple piston flux law. Although a solute can move in the matrix domain by diffusion, this form of transport is assumed to be negligible in comparison with the fast convective transport in the channel domain. Solute transport between the regions is due to convective and diffusive mass transfer. Since the channel domain is very small, the access to a large part of the medium is constrained by diffusive transport, and the system is therefore usually in a state of physical nonequilibrium. Under transient conditions, hydraulic gradients build up between the channel domain and the matrix in response to the water input events. The system will now be in a state of both physical and hydraulic nonequilibrium, and the gradients will govern a reversible flow and convective transport between the domains. This convective mass transfer is represented as a source/sink term in the governing equation.
The immobile domain is divided into two subdomains since it is likely that the part of the matrix which surrounds the channels and forms the boundary between the channels and the matrix is more porous and loose because of its exposure to mobile water which enhances the biodegradation process. This region will therefore respond faster to the concentration in the mobile domain compared to the regions deep inside the matrix. In analogy with the dynamic soil region of instantaneous sorption in the MIM model we assume here that the diffusive mass transfer between the mobile domain and a fraction of the immobile region, the fast immobile domain, is fast enough so that the two regions have had enough time to mix completely before the mobile water reaches the lower boundary of the column. While for the rest of the immobile region, the transport of solute is diffusion limited. This defines the slow immobile domain. The solute that diffuses into the deeper regions of the matrix is not so easily recovered on a short time basis. The size of the mobile and total immobile domains is defined by their physical characteristics. The fraction of the immobile domain that is active depends on the size of the effective area which forms the boundary between the mobile and the immobile parts of the system. The size of this area is governed by the physical properties of the medium, but the accessibility to the fast immobile domain is dependent on the flow conditions. Both a high water flux and hydraulic gradients resulting in lateral flow, which will develop under transient conditions, will increase the accessibility to the fast immobile domain. Jasper et al. [1985] suggested that additional flow routes may be developed during periods of high infiltration rate, and the flow 
Flow Model
The space and time history of water content in the channel domain is given by the kinematic wave model presented in our earlier paper ]. 
where f(z) is an arbitrary function describing the initial water content, wu is the water content in the channels at the upper boundary, z = 0 during the square pulse input, and t s is the point on the time axis where the characteristic defined by (7) starts. Given the initial and boundary conditions, (6) and (7) can be solved. The solution of (7) gives the time and space history of the characteristic along which the water content defined by the solution of (6) travels. The solution is given by Bendz et al.
[1998] and will not be described here. For a water input event at the surface the water content will increase abruptly and cause a discontinuity in the water content profile. This discontinuity will move downward as a shock front maintaining a sharp interface between the water content of the front and the water content ahead. By obeying the 
Cm(t q-At, rs) --C(t)•amSt q-(Cm(t , rs) C fast -(t)im)e-wm• •t 0 --< ts--< Tp (24) The mobile water content at space-time coordinates (z, t) and Wm(Z, t) is given by the flow model of Bendz et al. [1998].
Substitution of (14) into ( [1998] found that the fraction of paper had decreased by more than 40% by weight and that the easily degradable materials were almost completely degraded.
The current properties of the sample are summarized in Table 2 ]. The total porosity was determined by saturating the sample; that is, the presence of closed airfilled voids was neglected.
According to our observations the waste was highly compacted, stratified, and tightly clustered. The increase in the dry density, compared to the original value, is an effect of biodegradation and settlement. The sample may represent highly compacted well-degraded waste, which can be expected to be found at larger depths in landfills.
With the aid of an excavator the sample was taken by a The observed breakthrough curves show early steep rises and long tails, which support the hypothesis of fast macropore flow in a small fraction of the total porosity and a large stagnant water volume from which the solute slowly diffuses out into the mobile part of the system. This is further supported by the breakthrough curve in the unsteady state experiment which shows a significant response to the water input events. The water pulses cause a decrease in concentration due to dilution, whereas the concentration increases during the periods of drainage, which is expected for a system in a state of physical nonequilibrium.
The tailing is more pronounced for the unsteady state experiment in which there is temporary storage of water due to high water flux during the pulses, which force water into voids and dead-end pores in the drainable region of the matrix. This causes the solute to diffuse deeper into the immobile region where it is not so easily recovered. This finding is supported by Hutson 
Unsteady State Experiment
The system is here in a state of both physical and hydraulic nonequilibrium. The S term plays the role of an exchange term and switches signs depending on the direction of the hydraulic gradient between the matrix and the channel domain. The solution of the characteristic equations (6) and ( In the infiltration domain D 1, S is positive. Water is forced into voids and pores in the drainable region of the matrix because of the potential gradient that builds up during the irrigation pulses. The characteristics originate from the time axis on point t,, where 0 -< t, -< T. In domain D2, water is flowing back into the channel system, and the S term becomes negative. Domain D3 is a region of internal drainage; however, the water potential is higher than in the storage region, so the S term is still positive. Domains D 1 and D 3 are divided by the drainage front that originates from the position T on the time axis. A moving boundary, originating from position T on the t axis, divides domains D2 and D3 and carries the water content at which the mobile and immobile regions are in a state of hydraulic equilibrium; that is, S is zero. The characteristics in D 2 and D 3 originate from the position T with a water content that varies from one characteristic to the other, from w•, to zero. The characteristics are therefore forming a fan shape.
Since the solute, according to (21), travels with the average water velocity, the characteristics of the solute transport differ from the characteristics of the water flow that were derived in our previous paper [Bendz et el., 1998 ]. By inserting the expressions for the space and time history of the water content, given by the flow model, into (1) and employing a simple routing scheme using a Runga-Kutta algorithm, the solute characteristics were determined. The wetting front, the drainage front, and the moving boundary, S = 0, for the first and second pulses are shown in Figure 10 It can be concluded that the residence time in the system is dominated by the accessibility to the fast immobile domain and the mass exchange between the immobile domains and the mobile domain. By applying the model to data from solute experiments performed under both steady and transient conditions, it has been demonstrated that the accessibility to the fast immobile domain is not fixed but is dependent on the water input pattern. The hydraulic gradients which develop between the mobile and the stagnant parts of the system increase the accessibility to the fast immobile domain so that a larger part of this domain becomes exposed to mobile water and thus becomes active in transferring solute. During highly transient conditions the major part of the fast immobile domain becomes active in transferring solute. In this investigation the size of the fast immobile domain can roughly be estimated to be about one tenth of the total waste v, olume. This result has significant practical implications for efforts to enhance the biodegradation process in landfills by recycling of the leachate and for strategies to flush out soluble contaminants. For these efforts to become successful, it is crucial to reach the whole pore volume of the landfill. This has been shown to be difficult because of the heterogeneity of landfill waste and the phenomenon of channel flow which shortcuts a large bulk of the land-fill. In order to secure that as large portion as possible of the waste becomes exposed to water, it is favorable to create transient conditions in the landfill interior by irrigating the leachate in pulses.
The transport process in landfill waste has been shown in this investigation to be highly nonideal and in a state of physical and hydraulic nonequilibrium. This may imply that the observed leachate quality from landfills mainly reflects biochemical conditions in the channels and their surroundings. A weak leachate does therefore not imply that the landfill is stabilized and safely can be integrated in the environment without monitoring. A sudden settlement of the landfill, due to the biodegradation process, could change the geometry of the channel network. New parts of the landfill can be exposed to moving water, and, as a consequence, the leachate that is discharged at the lower boundary of the landfill may dramatically change its characteristics.
